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By the year 2025, energy consumption is
expected to reach an equivalent of 6 tons of coal  per
capita. By that time, pure hydrogen fuel, the ulti-
mate form of renewable energy, is expected to meet
approximately one-half of all energy consumption
needs, and the world will enter the era of “hydrogen
economy” [1]. This scenario, however, largely
depends on the economical production of hydrogen
and its conversion to electricity. The splitting of
water (electrolysis) and the re-oxidation of hydrogen
(fuel cells) occur at electrochemical interfaces, and a
fundamental understanding of these processes is
important for renewable energy development.

Conducting oxides (in particular ruthenium
dioxide) are among the best electrodes for water
electrolysis because of resistance to corrosion and
insensitivity to impurities [2]. Ruthenium dioxide is
also used in “supercapacitors” [3] because it pro-
duces an order of magnitude larger capacitance than
the normal double layer due to surface redox
processes. In a series of synchrotron x-ray studies,
we determined a fascinating life cycle of oxygen
atoms evolving from a hydrogen-bonded water
layer, to an OH layer, and to a H2O bilayer, and back
to an OH and a water layer on a complete electro-

chemical cycle on the RuO2(110) surface [5]. We
could achieve this because of the unprecedented
level of sensitivity to monolayer and submonolayer
oxygen atoms of our measurements, and a combina-
tion of the x-ray results with simple charge-balance
and bond-length arguments. The structures deter-
mined provide previously unavailable molecular-
level details of the redox processes and oxygen and
hydrogen evolution reactions.

There are two charge-transfer reactions
appearing in a voltammogram (I-V characteristics)
of RuO2(110) surface measured in NaOH solution
(Fig. 1a). The increase of the positive current at +600 mV

A LIFE CYCLE OF ORDERED WATER MOLECULES AT THE

RuO2/WATER INTERFACE UNDER POTENTIAL CONTROL

Basic Energy Sciences Synchrotron Radiation Center-CAT • Sector 11

This study examines the unique capability of
undulator beams to investigate surface-
sensitive phenomena on fuel cell electrodes.
The study provides molecular-level details 
on two redox reactions and hydrogen and
oxygen evolution reactions on the RuO2(110)
surface under water. The investigation of
liquid/solid interfaces using the Advanced
Photon Source opens a new potential in 
this field.  

-1200 -800 -400 0 400
4.0x10-4

6.0x10
4

8.0x10
4

1.0x10
3

1.2x10
3

[0, 1, 4.04]

 

 
-1200 -800 -400  0 400

-150

-100

-50

0

50

100

150

C1

C2

A2

A11e -/Ru = 162.3 µC/cm2

68.6 µC/cm2

83.3 µC/cm2

82.0 µC/cm2

68.1 µC/cm2

100 mV/s
RuO2 (110)
0.1M NaOH

Charge Transfer
I to II: 0.43 e /Ru
II to III: 0.51 e /Ru 

IIIIII

OCP

 

 

Potential (mV) vs Ag/AgCl(3M NaCl)

P
ea

k 
In

te
n

si
ty

 (
ar

b
. u

n
it

s)
C

u
rr

en
t 

D
en

si
ty

 (
A

/c
m

2 )

FIG. 1. Voltammogram (a) and x-ray intensity (b).
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indicates oxygen evolution, and the increase of the
negative current at –1100 mV indicates hydrogen
evolution. The two pairs of reversible current peaks
indicate two successive chemical transformations,
and there are three surface oxidation states, denoted
as I, II, and III, with their structures shown in Fig. 2.
The Ru atoms are shown in blue, and the bulk oxy-
gen atoms are shown in red. The oxygen atoms right
above the Ru-O plane are shown in orange and those
in the second layer in yellow. Since x-rays are insen-
sitive to hydrogen, only oxygen positions were deter-
mined, and the species identification (i.e., O, OH, or
H2O) was based on structural (i.e., O-Ru bond
length) and electrochemical (i.e., charge transfer,
reaction mechanisms) considerations [5].

Structure II at 330 mV is the simplest. All Ru
atoms are terminated with OH–, and there are no
dangling bonds. The surface maintains charge neu-
trality. OH– ions are abundant in a basic solution to
maintain the OH termination in thermodynamic
equilibrium. 

Reduction of the OH-terminated 330-mV
structure at the C1 peak leads to structure I where
every other row of OH is converted to water, which
is trapped and anchored via hydrogen bonding
between the remaining rows of OHs. In Fig. 1b, a
large hysteresis loop of the x-ray intensity, approxi-
mately proportional to the height of the water mole-
cules, is observable between 330 and –1200 mV.
Although the water molecules are no longer strongly
bonded to the Ru atoms at potential more negative
than the C1 peak, they remain at their “birth” sites
due to the still remaining attraction of the oxygen of
water to Ru atoms. As the potential decreases from
the C1 peak, the height of oxygen atoms of the com-
mensurate water increases. Around –300 mV, how-
ever, the height of the water molecules reaches a
maximum where the water molecules are least
attracted to the surface. As the potential is swept
negative, the reorientation of water molecules due to
the attraction of hydrogen atoms to the surface leads
to the destruction of the hydrogen bonds stabilizing
the water monolayer. Eventually, the commensurate
water network disappears below –1000 mV. At this
potential, the hydrogen of water molecules is

adsorbed on the surface, and a slightly lower poten-
tial allows the water molecules to split, resulting in
H2 evolution. A reversal of the polarity does not
restore the lost hydrogen network and commensura-
bility until the potential reaches that of A1 peak
where OH is chemisorbed to Ru atoms. 

The oxidation of structure II at A2 peak leads
to the 500-mV bilayer structure: the lateral water-
water distances are essentially locked to the under-
lying lattice, but the interlayer separation is much
smaller than typical oxygen-oxygen distances in
ordinary forms of water or ice because the outer
layer is under the extremely high interfacial electric
field (109 to ~1010 V/m) [5]. When the O–H⋅⋅⋅O
bond length is in the range from 2.2 to 2.4 Å, as it is
in this case, the hydrogen is centered between two
oxygen atoms in an effective single-well potential,
like in ice X [6]. At slightly higher potentials, the
centered hydrogen atoms are likely to escape, allow-
ing the oxygen atoms to bond directly, resulting in O2

evolution.
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FIG. 2. The structures for three oxidation states.
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Our study provided molecular-level details on
two redox reactions and hydrogen and oxygen evo-
lution reactions on the RuO2(110) surface under
water. Such molecular-level studies were only possi-
ble due to the availability of extremely powerful syn-
chrotron x-rays, so that one could obtain extremely
high signal-to-noise ratios and utilize advanced x-ray
techniques that are sensitive to light elements such
as oxygen. Liquid/solid interfaces are, in general, an
underexplored area of science due to experimental
difficulties, but the use of synchrotron techniques
promises fruitful future results. 
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